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The classification of Lorentz- and CPT-violating operators in non-Abelian gauge field theories is
performed. We construct all gauge-invariant terms describing propagation and interaction in the action for
fermions and gauge fields. Restrictions to the Abelian, Lorentz-invariant, and isotropic limits are presented.
We provide two illustrative applications of the results to quantum electrodynamics and quantum
chromodynamics. First constraints on nonlinear Lorentz-violating effects in electrodynamics are obtained
using data from experiments on photon-photon scattering, and corrections from nonminimal Lorentz and
CPT violation to the cross section for deep inelastic scattering are derived.
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I. INTRODUCTION

Non-Abelian gauge theories, introduced by Yang and
Mills in 1954 [1], play a central role in physics.
Applications to particle physics such as the Standard
Model (SM) typically combine non-Abelian gauge invari-
ance with the foundational Lorentz symmetry of relativity.
In recent years, however, attention has been drawn to the
possibility that tiny violations of Lorentz symmetry could
arise in a unified theory of gravity and quantum physics
such as strings [2], triggering many searches for potentially
observable signals in laboratory experiments and astro-
physical observations [3]. Studies of Lorentz-violating non-
Abelian gauge theories are therefore of immediate interest
in the phenomenological context.

Using effective field theory [4], a realistic and compre-
hensive description of Lorentz violation encompassing the
non-Abelian gauge symmetry of the SM can be developed.
This approach starts with the SM action coupled to general
relativity (GR) and adds all coordinate-independent terms
formed as the contraction of a Lorentz-violating operator
with a coefficient governing the size of its physical effects.
The resulting framework is called the Standard-Model
Extension (SME) [5,6]. The SME also provides a general
description of CPT violation in realistic field theory
because CPT invariance follows from Lorentz invariance
in effective field theory [5,7].

In Minkowski spacetime, the SME is a Lorentz-violating
non-Abelian gauge theory based on the gauge group
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SU(3) x SU(2) x U(1). The subset of terms constructed
from operators with mass dimensions d <4 forms the
minimal SME, which is power-counting renormalizable. In
a scenario with the SM and GR emerging as the low-energy
limit of a unified theory of quantum physics and gravity,
operators with smaller d can be expected to dominate the
low-energy Lorentz-violating physics. The experimental
viability of any specific Lorentz-violating model compat-
ible with realistic effective field theory can be determined
by matching the model parameters to the corresponding
subset of SME coefficients and their known experimental
bounds [3,8].

Most treatments of Lorentz violation to date emphasize
effects in the minimal SME. For the nonminimal sector, a
complete enumeration exists of operators at arbitrary d that
modify the gauge-invariant propagation of various particle
species, including scalars, Dirac fermions, neutrinos, pho-
tons, and gravitons [9,10]. However, much less is known
about the general form of gauge-invariant interactions at
arbitrary d. In particular, no general treatment of the non-
Abelian case exists to date, although a few works consider
special nonminimal non-Abelian Lorentz-violating opera-
tors [11-18]. Even in the comparatively simple case of
Lorentz-violating quantum electrodynamics (QED), only a
subset of interactions for d < 6 has been systematically
classified [19].

The focus of the present work is closing this gap in the
literature. We exhibit here a construction of Lorentz-violating
terms at arbitrary d in the Lagrange density for a generic non-
Abelian gauge field theory with fermion couplings. The case
of Lorentz-violating QED emerges as the Abelian limit of
this theory. For definiteness, we assume here a Minkowski
background spacetime and an action invariant both under a
non-Abelian gauge group and under spacetime translations,
thereby insuring conservation of energy and momentum.
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This setup generates a framework appropriate for many
experimental applications, as we illustrate below with
examples drawn from Lorentz-violating QED and from
the theory of Lorentz-violating quantum chromodynamics
(QCD) and QED coupled to quarks. The operators con-
structed here are potentially of formal theoretical importance
in contexts such as studies of causality and stability [20] and
the recently uncovered links to Riemann-Finsler geometry
[10,21]. They also offer prospective applications to searches
for Lorentz-invariant geometric forces extending GR such as
torsion [22] and nonmetricity [23], as well as to studies of
phenomenological Lorentz-violating scenarios focusing on
operators with d > 4 such as supersymmetric models [24]
and noncommutative quantum field theories [25].

This work is organized as follows. In Sec. II, we
demonstrate that any gauge-covariant combination of covar-
iant derivatives and gauge-field strengths can be expressed in
a standard form, and we derive some useful properties. The
general non-Abelian gauge field theory including Lorentz
and CPT violation is constructed in Sec. IIIl. We present in
turn the fermion sector, the pure-gauge sector, and the
fermion-gauge sector of this theory, providing in tabular
form the explicit expressions for all operators of mass
dimension d < 6. This section also considers several limits
of interest, including Lorentz-violating QED, Lorentz-vio-
lating QCD and QED, the Lorentz-invariant restriction, and
the isotropic case.

Two experimental applications of the results are consid-
ered in Sec. I'V. One is the effect on light-by-light scattering of
certain nonminimal operators in Lorentz-violating QED.
Data from an experiment at the Large Hadron Collider (LHC)
are used to obtain first constraints on some coefficients for
Lorentz violation. The second application is to deep inelastic
scattering (DIS). Corrections to the cross section for electron-
proton scattering arising from certain nonminimal Lorentz-
and CPT-violating operators are obtained. Throughout this
work, our conventions follow those of Ref. [9]. In particular,
the Minkowski metric 7, has negative signature, and the

Levi-Civita tensor e is defined with €23 = +1.

II. GAUGE-COVARIANT OPERATORS

One goal of this work is to classify and enumerate all
terms in the Lagrange density for a Lorentz- and CPT-
violating non-Abelian gauge theory. For this purpose, it is
useful first to establish a standard basis spanning the space
of all gauge-covariant operators. A generic term in the
Lagrange density can then be decomposed in terms of the
standard basis. In this section, we identify a suitable
standard basis and establish some of its properties.

A. Setup

Consider a gauge field theory of a Dirac fermion y taking
values in a specific representation U of the gauge group G.
Assuming G is a compact Lie group, a suitable inner product

can be chosen to make the representation unitary [26],
UU" = UTU = 1. Under a gauge transformation, y trans-
forms covariantly by construction, y — Uy, while its Dirac
conjugate =y y° transforms as  — yU".

Acting on y, the gauge-covariant derivative can be
written as D,y = 0,y — igA,y, where g is the gauge
coupling constant and A, is the gauge field in the U
representation. Since U is unitary, A, is Hermitian. By
definition, the covariant derivative satisfies D# - UDﬂ Ut
under a gauge transformation, and so the gauge field
obeys A, — UA,U" + (i/g)Ud,U".

The commutator of two covariant derivatives acting on y
generates the gauge-field strength F,, in the U representa-
tion, [D,,D, ]y = —igF,w. Like A,, F,, is Hermitian.
Under a gauge transformation, ¥, - UF,, U 7. The action
of the covariant derivative on the field strength is
D,Fy, = 0,F4, —ig[A,, Fg,], while the product of two
covariant derivatives acting on the field strength
obeys D,(D,Fy,) — D,(D,Fy,) = —ig[F,,. Fp,].

The above results imply that a gauge transformation on
single covariant derivatives of the fields yields D,y —
U(D,y) and D,y — (D,y)U" for fermions, along with
D,Fs, — U(D,Fp,)U" for the gauge-field strength. By
induction, we can prove that multiple covariant derivatives
on each field transform according to

D, ...Dyw = U(Dy,...D, v),
D, ..Dyy — (D, ..D,w)U",
Dy, ...Dy Fg, — U(D,, ...Dg Fy,)U". (1)

It is convenient to call an operator O a gauge-covariant
operator if O — UOU" under a gauge transformation.
Gauge-covariant operators are of interest in the present
context because they can be used to construct gauge-
invariant terms such as tr(0) and (O,y)O,y, which are
therefore candidates for inclusion in the general Lagrange
density for the Lorentz-violating gauge field theory. In
particular, we see that any operator O formed as a mixture
of D and F is gauge covariant.

B. Result

In principle, one could construct the desired general
Lagrange density for a Lorentz- and CPT-violating gauge
field theory by adding all possible gauge-invariant oper-
ators to the usual minimal-coupling terms. However, this
procedure would introduce substantial redundancies due to
relations among the gauge-invariant operators. Instead, we
can characterize gauge-covariant operators in terms of a
standard basis set, which can then be used to construct the
Lagrange density with controlled or no redundancy.

The key result is that the gauge-covariant operators
formed as any mixture of D and F can be expressed as
a linear combination of operators of the standard form
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<D(nl )Fﬂ]’/l ) (D(nZ)FﬂZVZ) e (D(nm)F/lm’/m )D(nm+] ) ’ (2)
where D,y = (1/n!) > D, D,,...D,, with the summation
performed over all permutations of a;, a,, ...a,. In what

follows, we prove this result and present some of its
properties.

1. Proof

For the proof, we suppose that the operator (2) acts on .
An analogous argument applies for the case where the
operator acts on F instead.

Given a gauge-covariant operator O formed as an
arbitrary mixture of D and F, we first use standard product
rules like D, F 3D, = (D,F,3)D, + F,3D,D, to express it
as a linear combination of terms in the block form

O = (DD...DF)...(DD...DF)DD...D.  (3)

where all subscripts are omitted for simplicity. Each
covariant derivative D then acts on at most one field
strength F. To prove the main result, it therefore suffices
to show that terms like D, D,,...D, can be expressed as
linear combinations of the form (2).

We use mathematical induction. For n = 1, D, already
takes the form (2). Assume that for n <k the term
D, D,,...D, can be written as a linear combination of
terms having the form (2). Then, for n = k + 1 we must
consider Dy Dy, ...Dg Dy, . Replacing the first k deriva-
tives by the appropriate linear combination of terms having
the form (2) yields expressions with the structure
(Dn\Fpyy,)---Dn,. ) Da,.,- This shows that it suffices to
focus only on the term D, Dy, .

If n,<k-1, then we get at most k covariant
derivatives. By induction, all such terms can be written
as a linear combination of terms having the form (2).

For n,,; = k, we must consider D)D,, . The index
symmetries of this product can be displayed using Young
tableaux,

Ea e ey e e A KUy

The first Young tableau on the right-hand side represents
D (i+1), which has the claimed form. We can therefore limit
further consideration to the second Young tableau.

We can prove that the expression involving the second
Young tableau contains least one factor of the field strength
F. Explicitly, we can write this expression in the form

D (4 Dy,...Dg)D
-1
D) Die, D 1-1) D .} (5)

A D(akHDaZ'”Dak)Dal

bl NS
= ~
Il
=

where the parentheses around indices indicate symmetri-
zation with a factor of 1/k! and the brackets indicate
antisymmetrization on «; and a;; with a factor of 1/2.
Note that this result is symmetric under the interchange of
the indices in D(,) with those in D_,_y).

A specific term inside the sum in Eq. (5) takes the form
DDy D—s-1)D

1]

=D())Dig, Dy, )Dh=t-1) + D) Diay [D (11 D] (6)
The first term on the right-hand side involves
[Dy,+ Dq,. ] = —igF4,q,.,, thus confirming the appearance

of a factor of F. For the second term, we note that

DDy, [D -1y, D

ak+l}

1
= (k _ l)y Z D(Z)Da] [DﬁIDﬂZ"'Dﬂk—t—l ’ Dak+l]
1
T k—r—1) ZD(I)DW <Dﬂ1 [Dﬂz"'Dﬂk-r-l ’ Dak+l}
(k—1—1)!
+ [Dﬂl Dak+l]D/}2"'Dﬂk - 1)
—t— 1 !Z Dal Dﬂl Dﬂz Dﬁk_r_l’DakH]
- lgD(,)Da] Fﬁlak+lDﬁ2"'Dﬁk—r—1)’ (7)

where the summations are over all permutations of
P1, P, .. . Pr_i—1. Continuing this reductive process yields
a string of terms, each of which contains one factor of F,
along with (k — 1) covariant derivatives. Therefore, every
term in the expression for the second Young tableau in
Eq. (5) involves at least one field strength F. Each such
term has the general form D,,,...D, F,,D, . ...D, . Using
product rules as before, we can transform this into the block
form (3). In each block, we have at most k— 1<k
covariant derivatives. By the induction assumption, these
terms can all be written as linear combinations having the
form (2). This completes the induction step and proves the
claimed result.

2. Linear independence

The above argument shows that the basis (2) of gauge-
covariant operators is complete, but it leaves open the
question of linear independence. The situation in this
respect can differ depending on whether the group G is
Abelian or non-Abelian.

Consider first an Abelian gauge field theory, for which
D Fp, = 04,y Fp,. Note that 0, Fp, commutes with
O(n,)F,,, and also that the operators {0, F 5, } are linearly
independent for different n. A complete set of linearly
independent basis operators can therefore be selected as

{(a("l)Fﬂl}’l)"'(a(”z)Fﬂx}’z>D (niy1) |n1 S I’l,}. (8)
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This set can be used to classify all gauge-covariant
operators formed from mixtures of D and F in QED, in
a manner free of redundancy.

For a non-Abelian group, the noncommutativity of
products of the field strength F implies that gauge-covariant
operators having the form (2) are generically linearly
independent. When G is SU(2), for example, the three
generators of G are mutually noncommutative, implying
that basis elements of the form (2) are linearly independent.

However, if a non-Abelian G has an Abelian Lie
subgroup of dimension two or more, the choice of linearly
independent basis becomes more intricate. In QCD, for
example, U is the vector representation of the gauge group
SU(3), which has a subgroup U(1) x U(1) homomorphic
to the torus T2. This subgroup is spanned by 3 x 3
commuting matrices with diagonal elements of the form
{ei0 ¢i02 ¢=101+0:)}  Gauge-covariant operators for basis
elements in U(1) x U(1) can therefore be taken to have the
form (8), while other basis elements are of the form (2).
This shows that in a non-Abelian gauge field theory the
selection of a basis for the gauge-covariant operators
depends on the gauge group. For simplicity in what
follows, we adopt basis elements of the form (2) for
non-Abelian gauge field theory and tolerate any ensuing
partial redundancy.

3. Hermitian conjugation

For some of the applications to follow, it is useful to have
explicit expressions for the Hermitian conjugates of the
component terms in the gauge-covariant operators (2) and
of general fermion bilinears. We obtain these next.

First, we prove the identity

(DwyFp,)" = DuyF,. 9)

To begin, use direct calculation to show (D, F /;J,)+ =D,Fp,.
We can then use mathematical induction to show that
(Dy,...D, F4,)" =D, ...D, Fs, for any n, as follows.
The result is true for n = 1. Assuming it holds for n = k,
we find

ap*

(DyDy,...Dy Fp,)'
= aaDa] "'DakF/f}’ + lg[Dal "'D(lkFﬁ}/’Aa]
= DD, ..D, Fy,. (10)

The result therefore also holds for n = k + 1, as required.
The desired identity (9) then follows by symmetrization on
indices.

For conjugation of expressions involving fermions,
two results are useful. For one, the identity (9) directly
implies

<D(")Fﬂ7)‘/’ = lp(D(n)Fﬂr)' (11)

The other identity involves Hermitian conjugation
of a general gauge-invariant bilinear of the form
(Ow)T(Oy), where O and O, are gauge-covariant
operators and the spinor space is spanned by the 16
matrices I'; € {1, iys, ¥, 7s¥y. 6,,/2}. Following the argu-
ment in Sec. II B, we can choose O; and O, to have the
form (2) and thereby write the general bilinear as

(D(nO)W)FI(D(nI )Fﬁlyl )' o (D(nm)F/jmym)(D(”erl)l//)' (12)

To find the Hermitian conjugate of the bilinear (12), note

that (D,w)" = (D,y)yo and (D,y)" = yo(D,w). In anal-
ogy with the proof of the identity (9), we can use

mathematical induction to show the two results (D ,y)" =
(D(uyw)ro and (Dyw)" = yo(D ). Recalling the rela-
tion I'; = 70F;7’0, we finally arrive at the elegant conjuga-
tion identity

(Do W)T (D) Fpiy) -+ (D Fpiy, ) (P,
=D, W 1D, Fy) (D)) F iy ) (D W)
(13)

ITII. GAUGE FIELD THEORY

To construct the general gauge-invariant theory includ-
ing Lorentz and CPT violation, it is convenient to separate
the full Lagrange density £ into three parts,

L=L,+ Lo+ L, (14)

where £, denotes the fermion sector including covariant-
derivative couplings, £, denotes the pure-gauge sector, and
L' is a fermion-gauge sector containing products of
operators appearing in the first two parts. In this section,
each of these pieces of £ are considered in turn. We offer
some observations about the general situation and provide
explicit expressions for terms of low mass dimensionality.

A. Fermion sector

For a Dirac fermion, the general gauge-invariant
Lagrange density £,, involving self interactions and gauge
interactions via covariant derivatives can be expanded in a
series of the schematic form

L, = %W(Dﬂy" —m)y + H.c.
+ i Qy + H.c.
+ (J/Qlll/)((m)gzlll) +H.c.
+ (WQ3W)((W)Q4W)((W)Q5W) +H.c.
.., (15)
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TABLE 1. Terms of low mass dimension d < 6 in the fermion Lagrange density £,
Component Expression
Lo Ly (y*iD, — m, )y + H.c.
£y —imsyysy — apy,p — bMpysyp — 5 H™ o,y
) 5Ny iD gy + 5 d*pysy iDay + 5 e WiDay + 3 if PrysiD oy + 3 9“0, iDgy + H.c.
5
Lé,}, %m(s) ﬂl[/lD( iDgyyr — lmg) WysiD qiD gy
—1aH Py iD iD= b ysy, iD(,iD gy — Y HOW g6, iD(,iDgy + H.c.
5
llf,,} —%m( . V/Fapw—-lméﬁ WsFa/;w——a})” ﬂw F ;u/——b< e II/YS}’;tFa/j’V/_‘H;:) Wo,Fapy
,gff)) L Oty iD (,iD gD,y + 1 d "y sy, iD ,iD4iD,w
+3e®%1giD ,iDyiD,y + 3 if©OPysiD ,iDgiD,y + ;g6 iD ,iDgiD,w + H.c.
6 6)ua, O)uafy — .
Lyr L Gy, Fyy Dy + L sy F gy iDa
a, 6)af 6) vy
LG Fy D + Lif gy sy iDgw + L g8 50, F g, iDy + Hec.
6 a,
Lo — 3l G (DoF g, Yy — L im ) rys (DoF g, g
afly — afy — 6)uvafly —
é 0 )ﬂ /ywyu(DaFﬂy) b( )ﬂ ﬁyl//)/Syu(DaFﬂr>l// - }THE)%W ﬁywa;w(DaFﬂy)W
ﬁlﬁ, kss(w) (Ww) — kpp(Wysw)(Wrsw) + iksp(pw) (wrsw)
+(ksv V! () (Fr,w) + (ksa ) (oy) (rsyw) + 3 (ks )" (oy) (Fro,,p)
+ilkpy ) (Wysw)rw) + l(kPA) rsw) (@rsrw) +5i(kpr ) (prsy) (Fo,,p)
+ 5 (kyy )2 (@y,0) (Fr,w) + (kAA)””(l/‘/sz) Bysrw) + (kva)* (Fr,w) (Frsy,w)

+3 (kyr) ™ oy w) (o, p) +

3 (kar) ™ (pysyw) (o, w)

+ % (kTT)KMD (l/_/G,dl//) (l/_/(’;u/l//)

where Q Ql, QZ, ... are understood to be gauge-covariant
operators. Adopting the results in Sec. II, each of these
operators can be expressed as a linear combination
of operators of the form

i) Fpip)-- Dy Fpop)Pingy- - (16)
For brevity, the expression (15) for £,, omits spacetime
indices in all but the conventional Dirac term and also omits
all coefficients for Lorentz violation. It is understood that
each term in £,, comes with a coefficient having spacetime
indices contracted with all free spacetime indices on the
total operator for that term, thereby maintaining observer
Lorentz symmetry of the theory [5]. Note also that no
derivative D(,) acts on ¥ in the first bilinear of each
unconventional term in £,,. Any terms with these deriv-
atives are equivalent to the displayed ones via partial
integration, modulo possible surface terms in the action.

For practical applications and to obtain explicit expres-
sions, it is useful to expand £, in a series organized
according to the mass dimensions of the operators. This
series can be written as

L,=Lyo+ Ly +L0) L)+ o)+, (17)

where L, is the conventional Dirac Lagrange density and
where the superscript d on £(4) denotes the mass dimension
of operators included in £@

Table I displays all terms appearing in the fermion
Lagrange density £,, with mass dimension six or less.
The first column of the table lists the components of the
Lagrange density. For d = 3 and 4, the terms displayed are
power-counting renormalizable and match the correspond-
ing ones found in the non-Abelian sector of the minimal
SME [5]. The component of the Lagrange density with
= L) + L), The first
contains terms involving only symmetrized covariant
derivatives, while the second contains ones involving the
gauge-field strength. Analogously, it is convenient to
separate the component of £, with d = 6 into four pieces,

Ly =

with related structures. Except for L.,,l,,, the terms with d =
5 and 6 are non-Abelian generalizations of ones already
characterized in the QED context [19].

The second column of the table presents the explicit
expressions for the terms in the Lagrange density. To match
conventional notation used in the literature in the QED limit
[9], the coefficients in Q associated with the spinor matrices
1, iys, Yu» vsvu» and o,,/2 in operators of odd mass
dimension are denoted by —-m, —ms, —a¥, —b*, and
—H", respectively, while those in operators of even mass
dimension are denoted by e, f, ¢, d*, and ¢". Following
standard usage, the dimension d is omitted on coefficients
for d =3 and 4. The labeling of spacetime indices is
chosen so that the indices a, f, ... correspond to gauge

d = 5 is split into two pieces, E.s,s )

L’WD + £ Ft+ .CWDF + £1,,l,,, by grouping terms
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couplings while p, v correspond to spin properties.
Parentheses enclosing n spacetime indices represent total
symmetrization with a factor of 1/n!. Other symmetries can
be determined by inspection. The abbreviation “H.c.”
appearing at the end of some entries in the table implies
the addition of the Hermitian conjugate of all previous
terms in the expression.

Each displayed term in the Lagrange density is the
contraction of a coefficient and an operator invariant under
non-Abelian gauge transformations. Both Lorentz-invariant
and Lorentz-violating terms are included. Physical effects
violating CPT are produced by terms containing operators
with an odd number of spacetime indices, all of which
violate Lorentz invariance [5,7]. All coefficients can be
taken as real constants in an inertial frame in the vicinity of
the Earth [5,6], and each coefficient has dimension GeV+~¢.
Note that the conventional mass term is included as part of

L, rather than part of £5,3 ), Also, the component of the
coefficient ¢** proportional to n** represents a Lorentz-
invariant contribution that acts merely to renormalize the
conventional Lorentz-invariant kinetic term in £,,4, so c¢#“
can be chosen traceless without loss of generality.

We remark in passing that the freedom to adopt suitable
canonical variables by judicious use of field redefinitions
implies that some of the terms shown in the table may
describe the same effects as others and hence can be
removed without changing the physics. A simple example
is the term —imsyysy, which modulo possible anomalies
can be absorbed into the conventional mass term by a chiral
redefinition of the Dirac field. A general study of the
implications of field redefinitions would be of interest but
lies outside our present focus.

B. Pure-gauge sector

In the pure-gauge sector, gauge-invariant terms in the
Lagrange density £, can be constructed as traces tr(Q) in
the group space [27] of gauge-covariant operators O con-
taining mixtures of covariant derivatives and field strengths.
Assuming the coefficients in the Lagrange density £, are
constants and recalling the form (2) for arbitrary gauge-
covariant operators, we find that the structure of a generic
gauge-invariant term for the pure-gauge sector can be
written schematically as

L4 > k= (t[(DF)...(DF)))...(|(DF)...(DF)]).  (18)

where all spacetime indices are suppressed and D denotes
D). Note that the cyclic property of the trace implies that
the factor D, in the form (2) is irrelevant here. Note also
that some terms (18) may be related to others up to a surface
term via the identity tr(O,D,0,) = —tr[(D,0;)O,], which
holds for any two gauge-covariant operators O; and O,.
In the expression (18), k- denotes a generic coefficient
having indices understood to be contracted with all indices
on the factors of D and F, thus insuring observer Lorentz

invariance of £,. For some terms, Hermiticity imposes a
symmetry on the indices. The traces are understood to be
taken in the U representation of the gauge group G. If U is a
reducible representation of a semisimple Lie group, then
the trace can be any combination of traces taken in the
irreducible subrepresentations.

In addition to gauge-invariant operators, the Lagrange
density £, can also contain operators that generate surface
terms under a gauge transformation. Although these oper-
ators cause the Lagrange density to violate gauge invari-
ance, they nonetheless leave invariant the action and are
therefore also of interest in the present context. Some of
these operators fall outside the construction (18) and must
thus be obtained separately, as described below.

The Lagrange density £, can be separated into compo-
nents containing operators of fixed mass dimension d. It is
convenient to write £, in the form

La=Lag+ L3+ L7+ L7+ L3+ L7+ (19)

where L, is the conventional Yang-Mills Lagrange density
in the U representation and the superscripts denote the
operator mass dimension.

Table II displays terms in the pure-gauge Lagrange
density with mass dimension d < 8. The components of
the Lagrange density £, are listed in the first column, while
the second column contains the explicit expressions formed
via contractions of coefficients and field operators. Note
that both Lorentz-invariant and Lorentz-violating terms
appear, with the former emerging by specifying coefficients
purely in terms of the Minkowski metric and Levi-Civita

TABLE II. Terms of low mass dimension d < 8 in the pure-

gauge Lagrange density £y.

Component Expression

Lao o —tr(F,, F*)

ES) k(')ﬂtr(Aﬂ)

c ke, tr(AYF™ + 2igA* ArAY)

) — LK (FyF,)

o — 3 KO (F D, Fy,)

clf — LI PHN(F D oDy F )
kO (F G F )

c — LKA (F 4D (oDyD, F )
— L (F G F Do F )

c — LIS (F D (oD ypD, Dy )

8 Auvpo
= S kD (Fg(DaF ) (DyF )
8)kAuvporv
—ik;j e tr(FK/IFbeﬂaFw)
8)kAuvpoto
= 3K (Fg Fya (o Fry)
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tensor. Any term involving an operator with an odd number
of spacetime indices is odd under CPT.

The coefficients appearing in the table have dimension
GeV*~? and can be assumed real and constant in an inertial
frame near the Earth [5,6]. The notation for coefficients
adopted in the table is generic and can be used for any
gauge group G. Standard alternative notations used in the
literature for coefficients with d <4 appear in physical
applications involving certain limiting cases. For each
term in the second column of the table, the spacetime
indices are chosen so that a,f,... are associated with
symmetrized covariant derivatives and «, 4, ... with field
strengths. Parentheses around a set of n spacetime indices
imply total symmetrization with a factor of 1/n!. Other
index symmetries are inherited from the antisymmetry of
F,, or the cyclic property of the trace. For example, the
identity tr(FD,F,,) = —tr(F,,D(,F;) implies a cor-
responding antisymmetry property for odd-d terms quad-
ratic in the field strength.

Some of the contributions at mass dimensions d < 3 lie
outside the construction (18). The component at
mass dimension one involves the gauge field A, and is

gauge invariant up to a surface term provided k(V# is
constant. Note that this component vanishes if the gauge
group G is SU(N) but can be nonzero if G contains an
Abelian component. At mass dimension two, the only
contribution to the gauge-invariant action is of the form
L = —k@wmir(F,,). This operator also vanishes for
SU(N) and more generally is a total derivative representing
a surface term when k(?# is constant, so we omit it from
Table II. At mass dimension three, a gauge-invariant term
of the form £ > —k®@wir(D,F,,) can be envisaged.
This is again a term vanishing for SU(N) and generically
reducing to a total derivative when k)% is constant, so we
omit it from the table as well. Another contribution at mass
dimension three contains the non-Abelian Chern-Simon
operator shown in the table, which is gauge invariant up to a
surface term when the corresponding coefficient k)% is
constant.

For mass dimensions d > 4, the construction (18) can be
applied systematically. As before, factors of tr(F,,) and
tr(D,F,,) vanish for SU(N) and hence can be disregarded.

Note that the piece of the coefficient k¥ proportional to
products of the Minkowski metric is Lorentz invariant
and therefore acts merely to renormalize the conventional
Yang-Mills term L,,. The double trace k**_ can
therefore be set to zero without loss of generality.
Inspection of £28> might suggest an additional term of
the form tr(F,F,,DDp)F ), but up to surface terms it
can be written as a linear combination of the opera-
tors tr[Fy; (Do F ) (DgF )]

We note in passing that Table II is constructed
assuming constant coefficients, but allowing for spacetime

dependence of the coefficients has minimal effect on the
structure of the Lagrange density. The terms shown in the
table then appear with spacetime-dependent coefficients,
while any components of the Lagrange density that are
surface terms when the coefficients are constant become
equivalent to existing terms at lower d involving derivatives
of the coefficients. An effective reduction in mass dimen-
sion also occurs when the gauge fields are constant back-
grounds for the physics [19].

The subset of £, consisting of terms quadratic in A,
governs the propagation of the non-Abelian gauge field.
Introducing the linearized non-Abelian field strength
FL,=0,A,—0,A,, the quadratic terms for d >4 are
found to take the generic form k***-tr(FL, 8, Fy, ), where

the ellipsis on each coefficient k¥ is understood to be
contracted with the n indices on the derivatives. Previous
work [9] has shown that the quadratic Lagrange density in
the QED limit can be written as a sum of two kinds of
terms, k“””"'FK,ﬁ(mFW for even n and k""'e,(,lﬂ,,A@(,,)F””
for odd n. This matches the present result for even n, while
suggesting a correspondence of the form

kKwymtr(Fba(n)F;I;v) < kameazlyutr(Aﬂa(n+l)FL#D) (20)

for odd n.

The correspondence (20) can be verified directly, assum-
ing all coefficients are constants. Up to surface terms, the
operator on the left-hand side of Eq. (20) can be written as

L = tr(—Aia,ﬁ(n)be —I—AK(')l(‘)(n)Fl%D) (21)

KAy
Expanding 9, ;1) = 0,0, and noting the antisymmetriza-
tion due to the Levi-Civita tensor, the operator on the right-
hand side of Eq. (20) takes the form

Rk/l/w = tr(Ala(n)aKF};y +Aﬂa<n)aKF]I:ﬂ +AU8(")8KF%ﬂ)
(22)

Direct calculation reveals that L,;,, and R,;,, are linearly
related up to surface terms,

Lk/luu + Lpr/l =+ LKM# = _Rklluw
Rldﬂzx - R/lkpw = _2LK/1,MZ/’ (23)

thereby confirming the correspondence (20).

The correspondence (20) reveals that for odd d the
operator tr(Fy,d,)Fy,) can be viewed as a higher-d
generalization of the quadratic part of the Chern-Simons
operator appearing in Ef). By direct calculation modulo
surface terms, we find that the full nonlinear operator
tr(F D) F,,) with odd d can be related to a generalized
Chern-Simons operator according to
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kKlﬂy"'tI'(FKAD(n)Fyv) = —k’gg"ea/mutr(FiD(n)F/‘”)
— % €y tr(AD D ) P

+ig[A* AD () F* +A D, D'F*

—AKD)”D(”)FW)’ (24)

where
Jka — 1 a kk/l;w... 25
cs Ee Ay ( )

Together with the correspondence (20), the result (24)
shows that for odd d > 3 all terms in £, containing the
linearized operators e“#*tr(A;0,,)F%,) can be written as
combinations of the operators tr(F,D,_1)F,,). This
provides strong support for the notion that the form (18)
incorporates every term with odd d > 3 in the gauge-
invariant action. It remains an interesting open problem to
prove this rigorously or to demonstrate a counterexample
by presenting a purely nonlinear gauge-invariant contribu-
tion to the action with odd d > 3.

C. Fermion-gauge sector

The remaining part £ of the full Lagrange density (14) is
the fermion-gauge sector, which involves products of
operators appearing in the fermion and pure-gauge
Lagrange densities £, and L,. Suppressing indices, the
general structure of gauge-invariant terms in the fermion-
gauge sector can therefore be written schematically as

L' D k- (tr[(DF)...(DF)])...(tt[(DF)...(DF)])
X [(Dy)T'(DF)...(DF)(Dy)]...
X ...[(Dy)[(DF)...(DF)(Dy)] + H.c. (26)

These gauge-fermion terms typically appear only at com-
paratively high values of the mass dimension d. Consider,
for example, gauge-fermion terms in an SU(N) gauge
theory. The nontrivial gauge-invariant pure-gauge operator
of lowest mass dimension has structure tr(FF) because
both tr(F) and tr(DF) vanish. Also, the gauge-invariant
fermion-sector operators of lowest mass dimension have
structure wly. The operator of lowest mass dimension in
the gauge-fermion sector therefore has the product structure
tr(FF)pTy and has d = 7.

The gauge-fermion operators of the form (26) are
relevant only for the non-Abelian case because for U(1)
all operators are already included in the construction of the
fermion sector. For example, the Abelian versions of terms
of the form tr(F )Ty are included as part of [,l(; ; in Table I,

while ones of the form tr(DF)yTy are included in 51% 7

Since the SM gauge group is SU(3) x SU(2) x U(1), no
terms in the fermion-gauge sector appear for d < 6. We can
therefore disregard £’ in physical applications of the SME

involving operators with these comparatively low mass
dimensions. The same line of reasoning holds for the gauge
theory combining QCD and QED, as the corresponding
gauge group is SU(3) x U(1). However, more general
gauge theories or investigations of physical effects in
fermion-gauge couplings for d > 6 may require inclusion
of these extra gauge-invariant terms.

D. Limiting cases

For certain specific applications, it can be useful to
consider restrictions of the general Lagrange density (14) to
a subset of relevant terms. In this section, we discuss in turn
the limiting cases of Lorentz-violating QED, Lorentz-
violating QCD and QED, Lorentz-invariant gauge field
theories, and isotropic Lorentz-violating models.

1. Lorentz-violating QED

One limit with broad applicability is the Abelian restric-
tion of the general non-Abelian gauge theory obtained by
choosing the gauge group G to be U(1). With the Dirac field
identified as the electron field and the gauge field identified
with the photon, we obtain a Lorentz- and CPT-violating
extension of the conventional theory of QED for electrons
and photons. The Abelian restriction is also relevant for the
description of electromagnetic interactions of other fer-
mions, including ones that are uncharged.

A generic term in the Lagrange density for the Abelian
theory takes the form

L >k (OF)...(9F)(Dy)T(Dy)...(Dy)[(Dy) + H.e..
(27)

where all spacetime indices and gamma matrices are
understood, O represents Oy,), and D represents D).
Note that the factors involving the gauge field strength
decouple from the fermion in gauge space, and hence the
term (27) can be treated as the product of distinct factors
involving either the field strength or the fermion fields. To
avoid redundancy in the term (27), the basis (8) for the
gauge-covariant operators can be chosen.

Table III presents all terms with mass dimension six
or less in the Lagrange density for the single-fermion
QED limit. The first column displays the components
of the Lagrange density, while the second column provides
the explicit form of the terms in each component. The
component L, is the conventional Lagrange density for
QED. Other components with d <4 are power-counting
renormalizable and form the minimal QED extension [5].
The coefficients for these minimal terms are denoted using
conventions widely adopted in the literature. The compo-
nents of the Lagrange density with d > 5 in the fermion
sector are separated into pieces according to the scheme
adopted in Table I. Note that both Lorentz-invariant and
Lorentz-violating terms are encompassed by the entries in
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TABLE III. Terms of low mass dimension d < 6 in the Lagrange density for single-fermion QED.

Component Expression

Loy L (y"id, — my)y +He. =L F, F*

cy —imspysy — ay,p — Bysyp — s HAgo,,p

iy Sy iDgy + 5 d*rysy iD gy + 5 e piDgy + L if WysiDay + 5 90, iDy + H.c.

5
/31(,/1)3 —% (S)a/jl//lD( iDpyy ——zmg) WysiD iD gy

—1la (S)M(lﬂl//]/”lD(alD/;)l// - b(S)”“ﬂwySyﬂzD(aley/ - iH(S)”"“/ilpaﬂbiD(aiDﬁ)w +H.c.

5 _ . _ 5 _ 5 _ 5 _
Ls) ~AmPVE iy~ LimS) P E iy sw — 5 ad" P E iy — S0 Epiysyp — Y HOF yive,
g% Lc©mebriy iD(,iD gD,y + 1 d O Py sy, iD ,iD4iD ,w

+3e®%1giD ,iDyiD,y + 3 if©OPysiD ,iDgiD,y + g O g6,,iD ,iDgiD,w + H.c.

6 6)uq _ . 6)uay, _ .

Ly} L el iy iD gy + 4 F sy, Do
6)af a
LM gD + Lif Y FypysiDaw + L gi" P Fyp0,,iDw + He.

6 )ap 127

Ly —3my) " (9,F oy — lmsaF/’ "(OuFp, )y
(6)pap a a
=L a0 v, = S5 OaF y Virysyw = SHGY P (DuF )00, 10

Llﬁ, kss(w) (ww) — kpp(Wysw) (rsw) + iksp(bw) (wrsw)

+(kSV) (U_IW)(WY# ) (kSA) ( (WYSV#I//) +%(kST)”D(l/_/y/)(l/_/5ﬂullj)

+i(kpy ) (Wysw)rw) + l(km) wysw) rsyuw) + 3 ilkpr)* (@ysy) (Fo,w)

+ 5 (kyy )2 (@y,0) (Fr,w) + (kAA “(rysy) sy + (kva )P (@r,w) (@7sy,w)

+ 5 (kv ) Gy aw) o) + 5 (kar)* Gy syaw) o) + g (ke (Fogw) (F0,,w)
L(AU _(kA)MA;t
Lf) 3 (kap) €A F*
Lr) -4 (kF)KA”yFKAF v
L(AS) lk aKA;wF Aaa »

6 6)afikh w 6)kApvpo
o LN 0005 F = S K E G F L F

the table, depending on the structure of the coefficients.
Operators with odd numbers of spacetime indices are odd
under CPT transformations, and they all break Lorentz
symmetry [5,7].

The coefficients of all terms in the table have dimension
GeV#~“ and are real. They can be assumed constant in an
inertial frame near the Earth [5,6]. In the fermion sector the
spacetime indices y, v are linked to the gamma matrices and
hence to spin properties, while in the pure-gauge sector
they are associated with the gauge field strengths. In both
sectors, the spacetime indices a,f,... are associated
with derivatives. As before, parentheses around n space-
time indices represent total symmetrization with a factor
of 1/n!.

Where possible, the table follows the notation for the
fermion sector adopted in Ref. [19]. Also, all quadratic
terms in the pure-gauge sector of the QED extension have
been obtained in Ref. [9]. In contrast, the terms represent-
ing self 1nteract10ns including those in [, ww and the one

cubic in F in £ 4 » represent new arenas for investigation.

Table II contains also contributions to the non-Abelian
pure-gauge action for d = 7 and 8. For operators of mass
dimension seven, restricting these terms to the QED limit
yields the expressions

@ _ _ 1 Dapyiw
L) = =k G 0,050, F
1 OKAUV PO
_Ekgp s FKﬂFﬂyaanm (28)

while for those of mass dimension eight we find

1
Z KPP 0,050,05F

1 (8)apxiuvpo
_ E k[)F HUP
1

8)kAuvporv
—Ek}) S0 Y o o o (29)

55\8) -

FK/I(aaFMv)(a/}Fpﬁ)

The nonlinear interactions of the photon predicted by
these terms are also of potential interest in both the
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theoretical and experimental contexts. We revisit this point
in Sec. IVA below.

2. Lorentz-violating QCD and QED

Another interesting model contained in our general
framework is the limit of QCD and QED coupled to
quarks. For this model, the gauge group G is SU(3) x
U(1) and we allow quark fields y, with multiple flavors
labeled by indices A, B, .... In the usual six-quark scenario,
these indices span the values u, d, s, ¢, b, and ¢. Each quark
lies in the 3 representation of SU(3) and carries U(1) charge
denoted gy.

The covariant derivative acting on the quark fields
can be written as D,y 4 = (9, + iqsA, — ig3G, )y, where
A, is the photon field, g3 is the QCD coupling constant,
and G, is the gluon field. Acting on the photon field
strength F,,, the covariant derivative gives D, F,, = 0,F,,,
while acting on gluon field strength G, gives D,G,, =
a(tG;w - ig?: [Gav G/w]'

Table IV lists all terms with mass dimension six or less in
the Lagrange density for this model. The first column
shows the components of the Lagrange density, and the
second column displays the explicit expression for each
component. The conventional Lorentz-invariant Lagrange
density £, for QCD and QED coupled to quarks is given in
the first line of the table. The terms in the model with d < 4
are power-counting renormalizable and form a subset of the
minimal SME [5,6]. The notation for the corresponding
coefficients is chosen to match the standard one in the
literature. The table includes both Lorentz-invariant and
Lorentz-violating terms. All terms with an odd number of
spacetime indices are odd under CPT.

For an operator of mass dimension d, the corresponding
coefficient has mass dimension 4 — d. The coefficients in
the fermion sector are tensors in flavor space with complex
entries restricted by the requirement that the Lagrange
density is Hermitian, while the coefficients in the gauge
sector are real. When evaluated in an inertial frame near the
Earth, all coefficients can be treated as spacetime constants
[5,6]. The notation for the spacetime indices follows that
for Table III.

The model describes the general interactions of quarks,
photons, and gluons, and it can be viewed as an effective
field theory incorporating all Lorentz invariant terms
along with violations of Lorentz and CPT symmetry.
Note that the presence of two gauge groups in the model
implies that the pure-gauge sector contains terms
involving cross couplings of both sets of gauge fields.

For example, the last term in L’ﬁf(); in the table represents a
photon-gluon-gluon interaction. We remark that this term
has a Lorentz-invariant component of potential phenom-
enological interest, although Furry’s theorem prevents its
generation via one-loop radiative corrections in the conven-
tional SM. Also, the presence of multiple fermion flavors in

the model leads to flavor dependence of the coefficients in
the fermion sector and hence introduces various flavor-
mixing effects. Overall, the model predicts a rich phenom-
enology with many avenues open for experimental
exploration. One aspect of this is considered in Sec. IV B
below.

3. Lorentz-invariant limit

The general Lagrange density £ for the non-Abelian
gauge theory (14) incorporates both Lorentz-invariant and
Lorentz-violating pieces. A given term is Lorentz invariant
if the coefficient can be written as a product of the invariant
tensors of the Lorentz group, which are the Minkowski
metric #** and the Levi-Civita tensor €#*. As a simple
example, any part of the coefficient ¢#* proportional to #**

generates a Lorentz-invariant contribution to [Il(,f )in Table 1.
All the Lorentz-invariant operators are isotropic in any
inertial frame, and they are also all CPT even.

Since both #** and €“#* have an even number of indices,
no coefficient with an odd number of indices can be
expressed as a Lorentz-invariant tensor. Equivalently, no
operator with an odd number of spacetime indices can
contain a Lorentz-invariant piece. In the fermion sector, this
implies only about half the terms in Table I contain
Lorentz-invariant components. In the pure-gauge sector,
we find the elegant result that no Lorentz-invariant terms
exist for operators of odd mass dimension d.

Table V displays the Lorentz-invariant components of
certain operators in gauge field theories. The first column
identifies the non-Abelian and Abelian cases. Note that the
Abelian fermion sector is a direct limit of the non-Abelian
one. Each entry in the second column lists a specific type of
operator in schematic form, with all spacetime indices
omitted and using the placeholder I'; for any gamma-matrix
structures. The third column shows the allowed mass
dimension d of each operator, which is specified in terms
of an integer n = 1,2, .... The final column provides the
possible Lorentz-invariant components. In these expres-
sions, the covariant derivatives are understood to be totally
symmetrized, and we use the abbreviations

X=F,F"*, Y=F,F" DY

(2n) = (D#DM)"’ (30)
where F* = ¢##°F, /2 is the dual field strength.

In the QED limit, all Lorentz-invariant terms in the pure-
gauge sector must be constructed as combinations of the
two invariants X and Y, which can be expressed in terms of
the electric field E and the magnetic induction B as X =
—2(E? — B?) and Y = —4E - B. Since both X and Y have
mass dimension four, the mass dimensions of all Lorentz-
invariant pure-gauge terms must be multiples of four. For
d = 4n, the independent terms number n + 1 and each is a
monomial of order »n in X and Y. Note that for the special
case n = 1 the monomial Y is a total derivative and so can
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TABLE IV. Terms of low mass dimension d < 6 in the Lagrange density for QCD and QED with multiple flavors of quarks.

Component Expression
Lo SWAT'iD A + Hee. = pamagyp — 5 Fy P = 3 10(G,,G*)
£$) —iMsagWaYsWy — dygWa¥ W — DigWarsyws — 5 HygWao,wp
cyy LA WAr, Dy + % dABl//ArsmlDal/fB
+3€8pWaiDaWp + 3if S pWarsiDays + 3 9i5 WacuiDawp + Hee.
5 .
Ll(,;g) -1 (m® ))ABU/AID( iDpyyp —ll(mé ))ABWA}/SID( iDpyyp —*(Cl(S))%ﬁV/A}’ulD(alDﬁ)l//B
— 3 (BYs W ays7,iD WiDpywy — § (HO)45 140,,iD oiDgyy s + H.c.
5 5 5
Lx(,,/g —%(mgv))ABFaﬂll/All/B (mg}?))ABFaﬂWA}’SWB
5 5 5 _
%(a;"))AB FaﬂWAyul//B (bg"))ﬂ Fuﬁl//A}/SY;tWB (H( ))”DaﬂFaﬂl//Ao-ml//B
5 5) . (5)vaf -
‘Cl<//(>; %(m(c )ABl//AGa/jV/B ;l(mgg)ABWA}’sGaﬁllfB
5 5 _ 5
%((1( ))AB V/Anya[ﬂ//B %(b(G))fg}V/AVSVyGa/}WB —‘(H< ))’M A0y Gaﬂl//B
Ly) S (N P a7,D Wi DpiDyyw + (A a757,iD iDyiDyyy + 3 () FFaiD (i DD,y
+Li( O GaysiD 4iDyiD, g + 1 (9035 40,,iD iDyiD,yy + Hec.
6 0)\ua, a,
LE{/} %(65‘))} i FﬂyU/Ay;tlDaU/B +3 (d< ))” /}yFﬂyWAySYﬂlDaWB
6 a,
+(er O p FﬁyWAlDrzWB +13 ( F )AB FparsiDayp + % (g e ))’w /}/F/:’le/AG yiDgyp + H.c.
6 6 _ . 7 .
‘Cl(/lg %(C(G>) B l//Ay”Gﬁleal//B + ( )I‘B/yl//A}/Sy;tGﬁleaWB
6 _ .
Jml;( )AB WwaGpiDyp + 7% (f )a/}yl//AYSG/ileal//B +3 (g(G>)”Daﬂ7WA6ﬂuGﬂleaV/B +Hec.
6 a a
£1(,/8>F _%(map)A/z};y(a F/fy)l//A‘//B ;l(mgaF)A/Z(a F/fy)l//AVSl//B
6 6) 6
— L (@S OuF p Vs, = 5 BV (DuFy Varsrws = (HO (0uF p )0 40, W05
6 afy — 6 a
ﬁl(,/ge -3 (’"E)) )54 (DGp, g — l(mg[;G)A/gWAVS (DoGp, s
(6) \uap 6) \uap _
— L@ Tar(DaGp s = S (B )st T arst, (DuGy Wy — L (H)is? 140, (DuGy )

Lsf’l), (kss)apcp Waws)Wewp) — (kpp) apcp Warsys) Wers¥n)
+i(ksp) apep (Waws) Wersyp) + (ksv)ABCD(ll_fAl//B)('/_/cJ/ﬂl//D)
(kSA)ABCD(V/All/B)(1/10757,41//0) +3 (kST)ABCD (WAWB)(WC ul//D)
+l(kpv)ABCD (WA?’SWB)(WC?’ﬂWD) + ’(kPA)ABCD (V’A}’SV/B)(WCYSY”WD)
+3ilkpr)asep @arsws) Weouwp) + 5 (kvy ) iscp Warws) Werownp)

1(kAA)AIJSCD(l/_/Aysyyl//B)(l/_/CYS}'uWD) (kVA)Al;BCD('/_/Ayy’//B)(l/_/CVSYﬂWD)
(kVT)ABcD(’//AVW/B)( ul//D) (kAT)ABCD(V/A757AWB)(V/C ull/D)

+3 (krr)fxgén(WAUKAV/B)(II/CUWV/D)

£ ~(ka)'A,

‘C'fG) %(kAF>K€KAﬂuA/1F”D + (k3) Kl;wtr(GAGﬂu + 3 lg'i GiGﬂGb)

‘65\4()} - AIT (kF)KAMDFKlF/w - % (kG)K/IMytr(GK/lG/w)

cl) kO p o F L~ LK (G g D,G)

Esfc); k( )uﬂk/l;w /16 aﬂ %k 6)1(/1/414)0' Fﬂpro-

afh, I./ VkApvpo 6)KA, um
—zkg” “w(GyD Dﬁ ) = LG GG ) = L F 4t0(G, G )

be disregarded in the Lagrange density if its scalar The pure-gauge sector also contains quadratic terms of
coefficient is constant. Related results hold in the full  the schematic form tr(FD,,)F), as shown in the table. The
non-Abelian theory. However, as X and Y then have a  Lorentz-invariant components of these can be obtained

nontrivial commutator, there are typically more indepen-  directly by contracting indices. A useful identity in this
dent Lorentz-invariant monomials in the non-Abelian case. respect is 2F, pD”DDD(LZIn_Z)F W =F W,D(LZI”)F #P which can
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TABLE V. Lorentz-invariant components of operators in gauge field theories.

Theory Operator Dimension Lorentz-invariant components
Non-Abelian W'D o,_0yw + Hee. 0dd, d =2n+1 y7D<LZIn_2>W +Hec., il/'/ySD(LZIn_z)y/ +H.c.

wI'tDgu-1yw + Hee.
l/_/FIFD(Zn—Z)l// + H.C.
l/_/FIFD(Zn—I)l// + H.C.

Odd, d =2n+3

Non-Abelian tr(FF...F) Even, d =2n+2
tr(FD 5, F) Even, d =2n+4

Abelian FF...F Even, d = 4n
F(’)(z,,)F Even, d =2n+4

Even, d =2n+2

Even, d =2n+4

- LI - LI
'/’WDuD(znfz)’/’ + H.c., y/ySyﬂDﬂDQnd)y/ + H.c.
%‘/_’aﬂyF;wD(Lzln—z)W +He, %‘/_/"MDFﬂbD(Lzlnfz)w +He.
¥r'FuD*Diy, oy +He., yr'F,,D*Diy, ,y + He.,
1/7]/5;/"FWD”DI(“21%2)1// +Hec., l/_/ySy”FMD”D{“ZInfz)I// +H.c.

Traces of full contractions of products of F,,, n, Poad

tr(F,, Dy, F*), tw(F,,Dp, F*)

X", Xy xn=2y? . o Xyrlyr
F, (0%0,)" F*

be proved by dualizing the field strengths and using the
homogeneous equation D*F 4o = 0. This procedure yields
the two non-Abelian quadratic pure-gauge terms presented
in the table. In the Abelian limit, the homogeneous equation
implies that the second expression can be neglected up to a
surface term, thereby leaving only one Lorentz-invariant
quadratic contribution at each n.

Field redefinitions may also reduce the number of
independent Lorentz-invariant terms. For example, in the
Abelian limit of the spinor sector, the quadratic term of the
schematic form yI';Dy,_1yy +H.c. and yI'; Dy, o)y +
H.c. can be reduced via field redefinitions to include only
coefficients of the a, ¢, g, and H types [9]. Table V then
reveals that the only remaining Lorentz-invariant term is
z/"/y”DﬂD(LZIn_2>1//, which has even mass dimension d, in
agreement with known results [9].

The literature contains several classical models of non-
linear electrodynamics that maintain Lorentz symmetry.
These models must therefore be special cases of the
Lorentz-invariant Abelian terms listed in Table V. One
example is the Euler-Heisenberg lagrangian [28], which is
the effective one-loop Lagrange density emerging from
radiative corrections in QED. The general form is a
complicated function of X and Y, but in the weak-field
limit it can be written in the form

1 a? 7
£EH:_ZX+90m4 <X2+ZY2), (31)

where a ~ 1/137 is the fine-structure constant and m is the
mass of the electron. This is a linear combination of
Lorentz-invariant components of the nonlinear pure-gauge
terms with d < 8 shown in Table V. Note the absence of the
parity-odd monomials Y and XY, as required by the parity
invariance of QED.

Another example is the Born-Infeld model [29], which
introduces an upper bound for the electric field near the
electron that can eliminate the divergence of the self-energy.

In terms of X and Y, the Lagrange density of this model can
be written as

X Y2
LB =Db2 =P\ [1+ 5 ——0,
20 1664

where b is a scale parameter representing the maximum
attainable value of a pure electric field. Expanding the square
root for small X and Y reveals that the Lagrange density in
this model can be viewed as a linear combination of all the
Lorentz-invariant components of the nonlinear pure-gauge
terms shown in Table V except those containing an odd
power of Y. The latter are parity odd, and hence their
omission again reflects the parity invariance of the electro-
magnetic interaction.

(32)

4. Isotropic limit

Models exhibiting isotropic physics can be generated by
restricting the operators in the general non-Abelian gauge
theory to those that preserve rotation invariance. Isotropic
models are often adopted in the literature due to their
comparative simplicity. Note, however, that the isotropy
can hold only in a specified inertial frame and must be
violated in other inertial frames. Indeed, Lorentz violation
always implies rotation violation because boost transfor-
mations close into rotations under commutation. Moreover,
the rotation of the Earth about its axis and the orbital
revolution around the Sun imply that no laboratory is
inertial, so the set of isotropic operators is insufficient to
characterize all physical effects even in isotropic models.
Nonetheless, the isotropic limit is useful in describing the
subset of rotation-invariant effects.

Table VI lists the isotropic components of some oper-
ators in gauge field theories. The first column distinguishes
the non-Abelian and Abelian scenarios. The Abelian
fermion sector is obtained directly by restricting the
non-Abelian one and so is omitted from the table.
Schematic forms for the operators are presented in the
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TABLE VI. Isotropic components of operators in gauge field theories.
Theory Operator Dimension Isotropic components Number
Non-Abelian wl'w + H.c. d=3 vy +H.c., iyysy + H.c., wyoy + H.c., yysyow + H.c. 4
wT'iD iy + Hee. d=4 Dy + Hec.,, irysD gy + Hee,
lpVOB(n)W +H.c., lPJ’sJ/oB(nW +H.c.
7 :DIDyyyr + Hec., sy, DDy + Hee,
%V_IUOijﬁ(n—l)W + H.c., iz/'/ejklak’Dflo)(n_l)y/ +H.c. Total 4d —8
Non-Abelian ) d=3 €jutr(ATFH + 2igATAFAT) 1
tr(FF...F) d=2n+2  Traces of full contractions of products of £/, B/, Ojk> and €y
w(FDynF) - Bven, d24 g bR, w(FoD iy FY), te(FogDy ) FY) 2(d-2)
WFDWF) 08 dZ5 o roupty R (e, FUDAD ) a-3
Abelian Ef) d=3 €A FH 1
FF...F d=4n Any polynomial of order n in X, X,, ¥ 35 (d+4)(d+8)
Foa-uf BV A28 0 FY, FoyiyyFY =2
FO,F 0dd, d25 . Aidy,., ¥ lad-1)

second column, using I'/ to denote a generic gamma-matrix
structure and suppressing all spacetime indices. The oper-
ator mass dimensions are listed in the third column, with
some values of d specified in terms of an integer
n=1,2,.... The fourth column displays the isotropic
components of the Lagrange density. The last column
provides the number of independent operators except for
the non-Abelian combination tr(FF...F), which is com-
plicated by the noncommutativity of products of the field
strength. Note that isotropic operators with an odd number
of spacetime indices are odd under CPT.

In the table, all covariant derivatives are assumed to be
totally symmetrized, and we define

)0(2 B ijij,

Xl :FOjFOj, Y:FOJFOI (33)
By convention, a ring diacritic on a quantity denotes, its
isotropic component. Also, the covariant derivative D,
represents a symmetrized monomial of n covariant deriv-

atives involving products of Dy and D;D’, with a similar
definition holding for the partial derivative Jy,). Both D,

and 0, therefore contain (n + 2)/2 independent isotropic
operators for even n and (n + 1)/2 ones for odd n.

For the restriction to QED, the field strength F* is
determined by the electric field E and the magnetic
induction B, both of which have mass dimension two
and transform under rotations as ordinary vectors. All
operators of the form tr(FF...F) must therefore be

polynomials formed from the three rotation invariants

X, = —2E?, X, = 2B?, Y = —2E - B and hence can exist
only for d = 4n. Foreach n, (n + 1)(n + 2)/2 independent
operators exist. In the full non-Abelian theory, more
independent isotropic operators can be expected because
the three invariants have nontrivial commutators.

Table VI also displays terms in the pure-gauge sector of
the schematic form tr(F D, F), which represent contribu-
tions to the gauge propagator. The isotropic components of
these terms can be obtained by adopting F% and F¥ =
€k F,,;/2 as the fundamental variables contained in
F* and contracting indices to form rotation invariants.
Some operators generated in this way, such as

FOD;DyD,_ F% or €;,FYD*D ,_; F", are equivalent
to others modulo surface terms when the homogeneous
equation is imposed. In the Abelian limit, the homogeneous
equation further reduces the number of independent oper-
ators, producing the results shown. As before, the total
number of independent operators may be further reduced
via field redefinitions.

IV. EXPERIMENTS

The previous section presents the construction of the
general Lagrange density for a non-Abelian gauge field
theory describing Lorentz and CPT violation. The con-
struction contains numerous predictions for physical effects.
In particular, the special limiting cases of Lorentz-violating
QED and of Lorentz-violating QCD and QED coupled to

056016-13



V. ALAN KOSTELECKY and ZONGHAO LI

PHYS. REV. D 99, 056016 (2019)

quarks, given explicitly in Tables III and IV, offer many
prospects for experimental study. To illustrate some of the
possibilities, we consider here two applications to experi-
ments. The first involves the effects on photon-photon
scattering of certain d = 8 operators in Lorentz-violating
QED, and the second involves implications for deep inelastic
scattering of some d =35 Lorentz- and CPT-violating
operators in the QCD and QED interactions of quarks.

A. Light-by-light scattering

Light-by-light scattering in the vacuum is a nonlinear
process forbidden in classical linear Maxwell electrody-
namics but predicted to occur in QED via radiative
quantum corrections and described by the Euler-
Heisenberg Lagrange density (31) [28]. Although the direct
cross section for this process is tiny, various techniques can
be used to study it indirectly [30]. Direct observation of
light-by-light scattering has recently been demonstrated by
the ATLAS collaboration using ultraperipheral collisions of
heavy ions in the LHC [31].

The nonminimal sector of Lorentz-violating QED given
in Table III contains numerous operators that contribute to
the cross section for light-by-light scattering. One-loop
corrections due to some d =5 operators in the fermion
sector have been considered in Ref. [32]. Here, we study
instead tree-level corrections to the cross section, arising
from d = 8 photon-interaction operators in the pure-photon
sector. We calculate the effects of these corrections on the
experiment at the LHC and use published data to obtain
first constraints on the corresponding coefficients for
Lorentz violation.

1. Setup

The dominant SM contributions to light-by-light scatter-
ing arise from one-loop radiative corrections. In contrast,
the pure-photon sector of Lorentz-violating QED contains
nonlinear operators with four powers of the photon field
that yield tree-level contributions to light-by-light scatter-
ing at leading order in Lorentz violation. The dominant
contribution of this type is expected to arise from the
operator with mass dimension d = 8. The corresponding
contribution to the Lagrange density is the last term
in Eq. (29).

The Feynman diagram for the tree-level process in
Lorentz-violating QED is displayed in Fig. 1. The
Feynman rule

~8i(ky),, (o), (k) (ka),, kit Heromiomises  (34)

depends on the momenta of the four photon lines and is
governed by the coefficient k\>/“1#2%/%H% Thig coef-
ficient is antisymmetric under the exchange of indices
uj <> a;foreach j =1, 2, 3, 4. Itis also totally symmetric
under exchanges of any pair of indices u;a;. These

FIG. 1. Dominant contribution to light-by-light scattering.

symmetries imply that the coefficient contains a total of
126 independent components, each describing a distinct
physical effect.

The total cross section for light-by-light scattering is the
integral of the spin-averaged squared modulus of the
scattering amplitude over the phase space, as usual. In
the laboratory frame, we denote the four-momenta of the
two incoming photons by k; and k, and the four-momenta
of the two outgoing photons by k; and k4. The spin-
averaged squared modulus of the scattering amplitude then
takes the form

1
ZE|Tfl |2 = 1677(11 a) ’1(12(1’2 77(13(1’3 77(14(1/4
X (kl )ﬂl (kl )//1 (kZ)/,tz (kZ)ﬂ’z (k3 )/43 (k3)/,t’3 (k4)/44 (k4)u/4

VN N

8\ ) py iz s gy 7 () s il
xk;_)ﬂl 1H20H3A3 [y 4k§:>']223344. (35)

Note that this expression is quadratic in the coeffi-

. 8) oy puz s,
cient k}(’: JH10 o G 3 3 g 4'

The result (35) exhibits an interesting duality symmetry.
Direct calculation reveals that it is invariant under the
replacement of kg,-g)” 1AREBISEGIS it its quadruple dual

121('4_8)/41 A Qo3 31404 defined by

1
__k(S) Sl ol o]

]}(8)141(1#2"2/43(13!14”4 — ) .
F 16 Fope iy paipal

X et al#/] 0/1 6#2“2/4/20/2 61430’3/130‘% 6”40[4#2«“‘/‘ .

(36)

This symmetry guarantees that the experimental constraints
on a component of the coefficient and the corresponding
component of its dual are the same.

Denoting by € the solid angle subtended by the
momentum kj relative to Kk, the theoretical differential
cross section do/d€Q can be written in the form

do 1
dQ_ 2567[2[(601 +CU2) — (CU] —a)z)COSH]

2Tl (37)
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Y,

FIG. 2. Light-by-light scattering in ultraperipheral collisions.

In this expression, the energies of the two incoming
photons are w; and @,, and 6 is the angle between the
momenta k; and k;. Note that the differential cross section
has nontrivial dependence on the azimuthal scattering angle
¢ arising from the Lorentz violation in the scattering
amplitude 7 ;.

2. Cross section and constraints

Our present interest is the application of the above
derivation to the data for light-by-light scattering obtained
from ultraperipheral collisions of lead ions [31]. The
relevant process is shown schematically in Fig. 2, which
displays the role of the four-point photon vertex. The
photons from the high-energy lead ions can be viewed as
photon beams in the equivalent photon approximation [33].

In the experiment, the two incoming photons emitted by
the lead ions are almost collinear. The experimental cross
section can be taken as a convolution of the differential
cross section (37) with the incoming photon-flux factors,
integrated over the range of observed solid angle and
outgoing photon energies [34]. It can be written in the form

@”(wl) ”(0)2)@
44 2 w1 (1)) dQ’ (38)

Pt = / dQdm,,dy

where the diphoton mass m,, = 2, /@w;w, and the diphoton
rapidity y,, = In(w,/w;)/2 are functions of the energies
w5 and w, of the outgoing photons. The photon-flux factors
n(w;) and n(w,) depend on the incoming photon energies
|, @,, which can be expressed in terms of ws, w, and the
scattering angle 6 by

1 1 o},
0 =zw3(14+cosd) +-wy | 1£4/1-—sin’0 |,
2 2 oy
1 1 2
0y == w3(1—cos0) +wy | 1F/1-Ssin20 | (39)
2 2 wy

For the calculation, we assume @w; < w, for convenience.
The ATLAS experiment [31] is sensitive to most of the
4z solid angle, implying that the integral (38) ranges over

0.18 <6 <296 and 0 < ¢ < 2z. The data span the dipho-
ton-mass range 6 GeV<m,, <24 GeV, so we restrict the
integral (38) to this range and adopt the corresponding
diphoton-rapidity range 0 <y,, <In(m,,/6). Unlike the
SM result, which is tiny for large diphoton masses, the
maximum of ¢°*** in Lorentz-violating QED is attained for
a diphoton mass of around 600 GeV. Our restriction on the
upper value of the diphoton mass therefore ultimately
translates into conservative constraints on the coefficients

8 . . .
kBt Bygre experiments at higher energies

can be expected to increase significantly the sensitivity to
these effects.

The photon-flux function n(w) is determined by the
elastic form factor F(g?), which is the Fourier trans-
formation of the charge distribution of the nucleus. It
can be written as [35]

n(a))zﬁ

dquLFz ( M 2—|—q2) (40)
* [(w/7)*+43 ] y A

where Z is the atomic number of the ion, a ~ /137 is the
fine-structure constant, y = 1/4/1 — > is the Lorentz
factor of the nucleus, ¢, is the transverse momentum,
and the integral of ¢ ranges over the whole plane. Taking
the form factor as [35] F(g?) = ©(1/R* — ¢*), where R is
the nuclear radius, yields n(w) = (2Z%a/x)In(y/wR) at
leading order. However, this expression for the photon flux
becomes negative for w > y/R, which is potentially prob-
lematic. Instead, we approximate F(g”) as a monopole
form factor [36] F(q?) = A?/(A?>+g?), where A=

6/(r*) and (r*) is mean squared radius of the nucleus.
For 298Pb, experimental data [37] give (r?)!/> = 5.5 fm and

A = 0.088 GeV. We find that the photon-flux function (40)
then becomes

n(w) = 22;0’ F(“’/Xf A 1n<1 +(w/>;2> - 1} . (4

This expression is positive for any @ and converges to zero
as o tends to infinity, matching physical expectations. For
definiteness and simplicity, we use the above expression to
calculate the cross section. As a cross check, we have also
used the fivefold integral presented in the literature [38] to
estimate the photon flux and calculate the cross section,
obtaining results close to those using the expression (41).

The LHC experiment measured the cross section as 70 &
24(stat.) £ 17(syst.) nb [31]. The theoretical SM predic-
tion is 49 4= 10 nb [38]. The difference between these
results is 21 £ 31 nb, which is compatible with zero. An
upper limit for the additional tree-level contribution in
Lorentz-violating QED can therefore be taken as 83 nb at
the 95% confidence level. We can use this result to

: . 8
constrain the coefficients kW1 “1Ha2kaacs,
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TABLE VIL

Constraints from light-by-light scattering on the modulus of combinations of photon coefficients.

Limiting case

Coefficient combination

Constraint

Lorentz invariant 1
144 'Ixy ’hu'hn’? o0

1
576 eld.ﬂl/ 6/)1611
1 (8)
388 Mkcu i€ prov k F

Isotropic

1
§ZJ<K.L<M F

1
921 MK<LN<PEIKLEMNPKE

(8)kAuvporv
kF
8)kAuvporv
P
F

KApVpoTY

1 (8)TJTJTKTK
52 s.kkp
K BIKIKLMLM

<95x%x 108 GeV™
<95x%x 108 GeV™
<75%x1078 GeV™

<12x1077 Gev™
<12x1077 GeV™
<9.5x%x 1078 GevV™
<23x1077 Gev™

(8)TITMKLNP

1 (8)TJTJKLKL
9 Z],K<LkF

1 (8)TJTITKLM

9 ZJ,K,L<M€KLMkF

(8)JKJKTLMN

<56x107% GeV™
<56x1078 GevV™

1
9 ZL,J<K.M<N€LMNk

The rotation of the Earth and its revolution about the Sun
imply that the laboratory is a noninertial frame, which
induces time dependence in the coefficients for Lorentz
violation. Experimental results on the coefficients must
therefore be reported in a prescribed inertial frame. By
standard convention in the literature, this frame is taken to
be the Sun-centered frame [39] with spatial coordinates X7,
J =X, Y, Z chosen so that the Z axis is aligned along the
rotation axis of the Earth. The X axis points from the Earth
to the Sun at the 2000 vernal equinox, which is adopted as
the origin of the time 7. The Y axis completes the right-
handed orthogonal coordinate system. The contribution to
the cross section therefore can be viewed as determined by
a nonlinear combination of the 126 independent compo-

nents of the coefficient k\&¥1%1#2%2H5%M% ey pressed in the

Sun-centered frame. The experimental result from the LHC
places a single constraint on this combination. However,
the result is unwieldy. To gain insight, we follow here the
standard practice in the literature of extracting constraints
in various limiting scenarios.

Consider first the Lorentz-invariant limit. Inspection of
Table V reveals that there are three Lorentz-invariant
combinations of components of the coefficient

kB mameainausts - The orientation and velocity of the

laboratory relative to the canonical Sun-centered frame
plays no role for these combinations, so constraints can be
derived directly from the experimental data. The first three
rows of Table VII lists the results of this analysis. Each row
specifies a Lorentz-invariant coefficient combination and
the corresponding constraint, obtained under the
assumption that other independent coefficient combina-
tions vanish. The fractions appearing in front of the
combinations are chosen to insure the combination

has the same weight as a single component of

ki?)” 1AIROIGIY Ty terms of the invariants (30), the

operators in the Lagrange density associated with the first,
second, and third row are X2, Y2, and XY, respectively.

We can also consider the isotropic limit of Lorentz-
violating QED. According to the results in Table VI, the
coefficient kW1 @HRHNHE (ontaing six isotropic combi-
nations of components. Since isotropic effects are inde-
pendent of the laboratory orientation and since the
laboratory boost 8 ~ 10~ is negligible in the Sun-centered
frame, we can again obtain constraints on the isotropic
combinations directly from an analysis performed in the
laboratory. The resulting constraints in the Sun-centered
frame are displayed in the second part of Table VII.
The isotropic combinations are listed in the second
column, where the summations are over spatial indices
J,K,...=X,Y,Z. The third column presents the corre-
sponding constraint on the modulus of each combination
expressed in the Sun-centered frame, determined assuming
other coefficient components vanish. The constraints on the
first two and last two isotropic combinations are identical,
as a consequence of the duality symmetry associated with
the quadruply dualized coefficients (36).

To implement a complete analysis, the cross section
expressed using coefficients in the laboratory frame must
be transformed to the Sun-centered frame. To a good
approximation, the small Earth boost can be neglected in
the transformation. Denoting the spatial coordinates in the
laboratory frame by x/, the rotation matrix between the two
frames is given by

cosycoswgTg cosysinwgTg —siny
RV = —sinwgTg cos wgTg 0 ,
sinycoswgTq sinysinwglg cosy

(42)

where g ~27/(23 h 56 min) is the Earth’s sidereal
rotation frequency, T'g is a convenient local sidereal time,

and y is the angle between the beam direction and the Z
axis. For the ATLAS detector at the LHC, y ~ 81.4°.
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Implementing this transformation on the cross section
generates a lengthy expression containing up to fourth
harmonics of the sidereal frequency. The measured cross
section is therefore predicted to display sidereal variations
in time at all these harmonics. Analyzing experimental data
to search for these time variations would be of great
interest, but insufficient data are presently available to
implement this. Instead, we consider here the time-aver-
aged cross section, which selects the time-independent
contributions for consideration. Calculation reveals that all

QU O 3 Q3 4 . .
a0 3 s sty contrib-

126 independent components of kg
ute to this result.

Table VIII presents the constraints on all 126 compo-
nents, taken one at a time with all others set to zero. The
first column lists the components, and the second column
shows the constraint on the modulus of each one. These
results are the first in the literature on nonlinear Lorentz-
violating photon interactions. Existing constraints on d = 8
pure-photon terms in Lorentz-violating QED are restricted
to effects on photon propagation in the astrophysical and
laboratory contexts [9,40,41]. Inspection confirms that the
constraints in the table exhibit the duality symmetry
associated with Eq. (36), as expected. The results also
reveal symmetry under interchange of the X and Y indices.
This is a consequence of the rotation of the Earth about the
Z axis, which implies that the time-averaged cross section
must be invariant under rotation in the X-Y plane and hence
under the exchange (X,Y) <> (Y,—X). The sign in this
exchange has no effect on the constraints because the cross
section depends only on the square of the coefficients.

B. Deep inelastic scattering

Deep inelastic scattering offers crucial experimental
support for the existence of quarks and the predictions
of QCD, and it serves as a tool in searches for physics
beyond the SM [42,43]. An initial study of the effects of
Lorentz violation on deep inelastic electron-proton scatter-
ing [44] has studied the use of DIS to search for Lorentz-
violating effects of c-type coefficients in the QCD and
QED interactions of quarks. This work complements recent
theoretical and experimental efforts to investigate Lorentz
and CPT violation in the quark sector involving operators
of mass dimensions d = 3 [45,46], d =4 [47], and d = 5
[16]. The construction of the nonminimal operators given
in Table IV offers numerous interesting prospects for
further exploration in Lorentz-violating QCD.

Here, we illustrate the possibilities by investigating the
effects on the DIS cross section of a subset of nonminimal
Lorentz- and CPT-violating terms in the Lagrange density
for QCD and QED coupled to quarks. Following the general
approach presented in Ref. [44], we focus on unpolarized
electron-proton DIS, for which it suffices to limit attention to
spin-independent operators. For definiteness, we work with
spin-independent operators of lowest nonminimal mass
dimension, which turn out to be governed by the

a®- and a4l

the ag)-type coefficients leave unaffected the DIS cross

section at leading order, so in what follows we focus on
the experimentally measurable signals produced by the
a®)-type coefficients.

-type coefficients. Calculation reveals that

1. Setup

For electron-proton DIS, the relevant terms in the
Lagrange density that involve the valence quarks in the
proton are

1 S\uaf — . .
- 52(1} n ﬂl/lf}/”lD<alDﬂ)l//f + H.c.
7
_ (S)uap; - 0.0 — G A i
= Zaf [ll/f}’,ll alOgWr — QAW rY  lOpY ¢
7

+ qrAi0gr )y, Wy + q]%A(IA/}l/_/fyﬂl//f]’ (43)

where some surface terms are neglected. In this expression,
we limit attention to flavor-diagonal effects and the 5two
dominant quark flavors f = u, d. The coefficients o>

are symmetric under interchange of the last two indi-

(S)uap __(5)upa
ces, ag =a;"".

At leading order, the DIS process of interest involves the
exchange of a photon between the scattered electron and
the proton. We can therefore in principle expect Lorentz-
violating effects in the photon and electron sectors to play a
role, along with potential effects caused by the binding of
the valence quarks to form the proton. For simplicity and
definiteness, we neglect here effects from the photon and
electron sectors, many of which are already tightly bounded
[3]. Note in particular that existing limits on d = 5 operators
in the photon sector lie far below DIS sensitivities [9,48].
Also, while precision studies of d =5 operators in the
electron sector are less broadly constrained [9,49,50], they
nonetheless also lie below the DIS sensitivities estimated

below. In contrast, in the d = 5 proton sector the coefficients

al?" are only partially bounded [S0], and the existing DIS

sensitivities are roughly comparable to those estimated
below. Since the structure of the proton is nontrivial and
little is known about Lorentz and CPT violation in the strong
binding by the gluons and sea species, we treat the

(S)nap (S)uap

coefficients a; and a, as independent here.

Coefficients of the a® type affect various particle
properties. Consider first effects at the level of relativistic
quantum mechanics. In the presence of these Lorentz- and
CPT-violating effects, the Dirac equation for a freely
propagating fermion is modified to

(iy, 0" = aDrby i0,i05 — m)y = 0. (44)

For perturbative Lorentz violation, this equation has two
positive-energy and two negative-energy solutions. As
usual, we reinterpret the negative-energy solutions as
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TABLE VIII. Constraints from light-by-light scattering on the modulus of individual photon coefficients.

Coefficient

Constraint

(8)TXTXTXTX ,(8)TYTYTYTY (8)XZXZXZXZ ,(8)YZYZYZYZ
ky , ky , ky , kp
(8)TZTZTZTZ (8)XYXYXYXY
kp s kp
(8)TXTXTXTY  (8)TYTYTYTX (8)XZXZXZYZ (8)YZYZYZXZ
ky , kp s ky , ky
KTXTXTXTZ | (STYTYTYTZ | (8)XZXZXZXY | (8)YZYZYZXY

F Kp Kp »Kp
(8)TXTXTXXY ,(8)TYTYTYXY ,(8)XZXZXZTZ ,(8)YZYZYZTZ
ky kg Jky kg
(8)TXTXTXXZ ,(8)TYTYTYYZ ,(8)XZXZXZTX ,(8)YZYZYZTY
ki ke ke ki
(8)TXTXTXYZ  (8)TYTYTYXZ ,(8)XZXZXZTY ,(8)YZYZYZTX
ky kg kg kg
(8)TZTZTZTX (8)TZTZTZTY (8)XYXYXYXZ , (8)XYXYXYYZ
ky g Jky kg
(8)TZTZTZXY ,(8)XYXYXYTZ

ky kg

(8)TZTZTZXZ (8)TZTZTZYZ (8)XYXYXYTX , (8)XYXYXYTY
ki ke ki ki
(8)TXTXTYTY (8)XZXZYZYZ

ky kp

(8)TXTXTZTZ ,(8)TYTYTZTZ ,(8)XYXYXZXZ ;(8)XYXYYZYZ
ki ke ke ki

(8)TXTXXYXY , (8)TYTYXYXY ,(8)TZTZXZXZ ,(8)TZTZYZYZ
ky Lk Lk Jky
K BTXTXXZXZ | (8)TYTYYZYZ

F s VF

(8)TXTXYZYZ ,(8)TYTYXZXZ
kF ’kF
k@)TZTZXYXY

F

(8)TXTXTYTZ ; (8)TYTYTXTZ ,;(8)XZXZXYYZ ,; (8)YZYZXYXZ
ky Lk Lk ke

8)TXTXTYXY ; (8)TYTYTXXY ;(8)XZXZTZYZ ;(8)YZYZTZXZ
k k k k

F M M s VF
(8)TXTXTYXZ ; (8)TYTYTXYZ (8)XZXZTXYZ ,(8)YZYZTYXZ
ky Jkp kg Lk
(8)TXTXTYYZ ;(8)TYTYTXXZ (8)XZXZTYYZ  (8)YZYZTXXZ
kF ’kF ’kF ’kF
(8)TXTXTZXY , (8)TYTYTZXY ,(8)YZYZTZXY ,(8)XZXZTZXY
ky Jkyp Jkp Lk
(8)TZTZTXYZ (8)TZTZTYXZ (8)XYXYTXYZ , (8)XYXYTYXZ
Kt K k8 K
(8)TXTXTZXZ  (8)TYTYTZYZ ;(8)XZXZTXXY ,(8)YZYZTYXY
ky Jkp Lk Lk
(8)TXTXTZYZ ; (8)TYTYTZXZ ,; (8)XZXZTYXY , (8)YZYZTXXY
kF ’kF ’kF ’kF
(8)TXTXXYXZ ;(8)TYTYXYYZ ,; (8)XZXZTXTZ ; (8)YZYZTYTZ
ky Lk Jkyp Lk

8)TXTXXYYZ , (R)TYTYXYXZ ; (8)XZXZTYTZ ;(8)YZYZTXTZ
k k k k

F sV sRE s R
(8)TXTXXZYZ  (8)TYTYXZYZ  (8)XZXZTXTY ,(8)YZYZTXTY
ky Lk Jkp Lk
(8)TZTZTXTY (8)XYXYXZYZ
k .k

F F

(8)TZTZTXXY ; (8)TZTZTYXY ,; (8)XYXYTZXZ ,; (8)XYXYTZYZ
ky kg Jkp Jkp

(8)TZTZTXXZ , (8)TZTZTYYZ ,(8)XYXYTXXZ ,(8)XYXYTYYZ
kp ki ki ki

K ITZTZXYXZ | (§)TZTZXYYZ | (8)XYXYTXTZ | (8)XYXYTYTZ
F K » KF »KF

K BTZTZXZYZ | (8)XYXYTXTY

F »Kp

(8)TXTYTZXY (8)TZXYXZYZ
ky Jkp

(8)TXTYTZYZ , (8)TXXYXZYZ ,(8)TYXYXZYZ
kg Ky Ky
KBTXTYXYXZ | ()TXTYXYYZ | (8)TXTZXZYZ | (8§)TYTZXZYZ
F »Kp »Kp »Kp

K BTXTYTZXZ
F

K BTXTYXZYZ
F

TXTZXYXZ TYTZXYYZ

£®
»Kp
K BTYTZXYXZ
F

kY
K BTXTZXYYZ
r

’

<1.0x 107 GeV™
<59 %x 1077 GeV™
<64 x 1077 GeV™
<49 x 1077 GeV™
<55%x 1077 GeV™
<1.0x 1070 GeV™*
<52 x 1077 GeV™
<3.8%x 1077 GeV™
<3.0x 1077 GeV™
<42 x 1077 GeV™
<56 x 1077 GeV™
<3.6 x 1077 GeV™*
<9.7x 1077 GeV™*
<1.1 x 1079 GeV™*
<43 x 1077 GeV™
<24 x 1077 GeV™
<34 x 1077 GeV™
<4.0x 1077 GeV™
<52 x 1077 GeV™
<42 x 1077 GeV™
<28 x 1077 GeV™
<2.8x 1077 GeV™
<5.1x 1077 GeV™
<29 x 1077 GeV™
<6.0 x 1077 GeV™
<3.0x 1077 GeV™
<48 x 1077 GeV™
<29 % 1077 GeV™
<23 x 1077 GeV™
<39 %1077 GeV™
<24 x 1077 GeV™
<73 x 1077 GeV™
<22 x 1077 GeV™
<29 x 1077 GeV™
<32 x 1077 GeV™
<34 x 1077 GeV™
<3.8x 1077 GeV™
<3.5%x 1077 GeV™
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positive-energy antiparticle solutions with reversed momen-
tum. The plane-wave eigenfunctions can be written as
w) (x) = exp(—ip, - x)u"®) (p,a) for the positive-energy
solutions and y!*)(x) = exp(+ip, - x)v')(p,a) for the
negative-energy ones, where pi = (E,,p) and ph =
(E,, p) are the four-momenta of the particle and antiparticle,
p is the three momentum, and s = 1, 2 labels the spin.

Since the Lorentz-violating terms in the Lagrange
density contain only spin-independent operators, the ener-
gies £, and E, are independent of the spins. However, the
Lorentz violation typically implies that £, # E,, as can be
seen from the dispersion relations

(ph — a(S)upupu)nW(pZ — a®pury) 2

=m
(ph + aOkror, (P4 + aB®rrory) = m? (45)

In these expressions, an index p, or p, implies contraction
with the corresponding four-momentum. For example, we
write a®WPuri = akbp  p .. The dispersion relations
(45) reveal that the energies of the particle and antiparticle
are related by E,(p,a) = E,(p, —a), as is expected given
that the a®)-type coefficients govern CPT-odd operators.

The momentum-space solutions of the modified Dirac
equation (44) can be written as

_ p’;yﬂ — a(s)ﬂpupuyﬂ +m u(Y)
VE, —a®r g 0

B _pﬁ}/ﬂ — a(s)ﬂprpvyﬂ +m (s)

= vy (46)
VE, +a®%wr 4y

where uém =(1,0,0,0), uém =(0,1,0,0) and similarly
v =(0,0.1,0), " =(0,0,0,1). These solutions
can be obtained from the conventional Lorentz-invariant
ones by the substitutions p# — pli — a®#PuPu and pt —

Pl + a®#rors They therefore obey the usual normalization
relations,

u*)(p,a)

v (p,a)

1) (p,a)u) (p,a) == (p,a)v") (p,a) =2ms*. (47)

However,
replaced by

the traditional orthogonality relations are

i (p.a)v)(p,—a) = v (p,a)u')(p,—a) =0, (48)

incorporating a sign change of the coefficients.
The solutions (46) imply modifications to the conven-
tional spin sums. We find

ZM<S) (p’ a)ﬁ(s> (p’ a) = pZya — Cl(s)ap“p“]/a + m,

s

ZU(S) (p’ a)fl_}(3) (p’ a) = pgya + a(s)"l’””'«'ya —m. (49)

N

As in the usual Lorentz-invariant case, we can write two
projection operators from these expressions,

1 _
Ay(p.a) =5 u(p.a)at) (p. a),

Apa) = =5 S 0 (p.a)i ) (p.a). (0)

Asrequired, both these operators are idempotent, A, (p, a)2 =
A,(p.a) and A,(p,a)’> = A,(p,a), and hence can be
used as projectors in the two energy subspaces. However,
they are no longer directly complementary. Instead, we
find Au(p’ a) + Av(p? _a) =1

At the level of the quantum field theory, the modified
Feynman propagator is found to be

i

iSp(p) = (51)

}/ﬂpﬂ — a(s)ﬂaﬁyﬂpapﬂ —-m —+ ie'

The Feynman rule for the photon-fermion-fermion vertex
shown in Fig. 3 becomes

_iql—w(pinv pout) = _iq[}'ﬂ - a(s)aﬁﬂY(x(pin + pout)/f]’ (52)

where p;, and p,, are the four-momenta of the incoming
and outgoing fermions. The coefficient a®)** is also
associatd with a new vertex involving two photon lines
and two fermion lines, as displayed in Fig. 3. The
corresponding Feynman rule is

ig?T O = _2ig2a®amwy . (53)

This vertex does not contribute to the DIS process at tree
level, but it must be included if loops are considered.

2. Cross section and constraints

The DIS differential cross section is a function of the
phase-space variables for the scattered electron. Taking the
z axis as aligned with the incoming beam direction and
denoting by 6, ¢ the scattering angles of the electron in
spherical polar coordinates, the four-momenta for the
incoming electron, incoming proton, and outgoing electron
can be written as k* = E(1,0,0,1), p* = Ep(l,0,0, -1),
and k" = E'(1,sin 6 cos ¢, sin @ sin ¢, cos 9), respectively.
The intermediate photon then has four-momentum
g=k—k. It is convenient to introduce the standard
Mandelstam s and Bjorken x and y variables via

2 1% %

Pin Pout

FIG. 3. The Ay vertex (left) and the AAyy vertex (right).
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P-q

_ 2
s=(p+k), bk

.y = (54)

In the expressions to follow, we can safely disregard the
proton mass M because in DIS experiments M? < Q% =
—q* and M? < 2p - q. The quark masses can similarly be
neglected.

In the presence of Lorentz violation, the unpolarized
differential cross section for the DIS process can be written
in the form [44]

2

do_ _ &y ;g
dxdydp — 2mg* M ’

(55)

where «a is the fine structure constant, L, = 2(k,kj; +
k,k, — k- k'n,,) is the electron tensor, and W* is the
proton tensor. To calculate the explicit form of W**, we use
the parton model. Since the coefficients a(>#* are assumed
perturbatively small, we keep only terms at first order in
what follows.

In the standard parton model, the parton momentum
py = &p is taken to be a fraction ¢ of the proton momentum
p. However, the modified dispersion relation (45) enforces
the conditions p? = 2a§,5)ppp and p7 = Za;S)pfp’p’, which
are incompatible with p, = £p. Instead, we assume p; =
&p* + & with a small momentum correction &. Noting

ppp

that p- &, = ézaﬁs)ppp - §a£,5) , we find

p; _ fp” _ 561575)”17]7 + ézaj(cs)ﬂﬂl" (56)
The implication of this shift for the parton distribution
functions is an interesting topic for future investigation.

Following the treatment in Ref. [44], we can use the
parton model and the optical theorem to obtain the explicit
form of ImW#. The contribution involving the AAyy
vertex shown in Fig. 3 is purely real and so is irrelevant in
this context. After some calculation, we find that the
contribution involving the Ayy vertex is

1 1 f (5) 5 Dy 5B 5
W =—> A gy g3t 5 lralpf - a ") (= My o+ @) s (P af — T (@), (py+4),)
f
v 5 (lj/ " 5 . _
X< (= a "y (2ps+ Q) (lrp(P) + ¢ =" (py+0), (P + @), )P +i€)™ + (4 v.q < =), (57)
I
We are interested in the imaginary part of this expression. Xp = _2 (xagf)qpp +2x2 a}(f)ppq 42 a}S)qqp
This comes from the propagator factor, ys
5 55 _‘_xaﬁf)pqq + a;S)qqq). (60)
Im +q’ —a;"" (p; + +q),))* + ie)”!
(b/ﬁ (pf a4 f (p‘f q)/, (pf 9)a)] ) As a check on these calculations, we have used the
= =6;6(& — x}), (58)  explicit results for 5; and x; to verify the Ward identity
q,ImW*" = 0. This requires incorporating both the mod-
where ifications in the propagator and in the vertex, which together
insure the preservation of gauge invariance. Note that the
T 2 ) 2, s 5) photon-photon-fermion-fermion vertex (53) can be omitted
o = ; [1 + S PP+ E (ap’ ™"’ + dxa f i from the calculation because it contributes only at loop level.
We also remark that the modification (56) of the parton
1 0gDaar 4 a(S)pqq)} ’ (59) ~ momentum is crucial for the Ward identity to hold.
! ! After contracting the result for the imaginary part of the
proton tensor (57) with the electron tensor L, some
and x} = x —xy with calculation yields the differential cross section as
|
do o ys? 2 y(y—2)s 21, (5)ppp (5)kpp (5)arp
dxdyd(j):?;sz [ﬂ[l +(1—y) ]5f—|—fxf—4[l + (1 =y)%ay +4(y—2)ay —2ya,
4
- (4x2a;5)ﬂﬂk + 2xa‘5€5)ﬂkq + zxaj(f)qkp + 2xa§c5)kpq + a.(fS)qqk + a;S)qu)
+ 2y(4x2a;5)ppp + zxa;S)ppq + zxaj(f)qpp + a;S)qqp + 4xa}5)ppk + Za]((S)ka)
4
—yzsn,,,,(Zxa;SWP _’_a;S)/wq) +;y(2xaj(£5>kkp +a;5)kkq) , (61)
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where Fp; = q} f5(x;)x}. The structure of this result has
enticing similarities to the differential cross section ob-
tained for c-type coefficients in Eq. (14) of Ref. [44]. The
role of the coefficients c}’q in that equation parallels the role

of the coefficients a(>*74 here.

Given the similarities between the structures of the differ-
ential cross section (61) and the result in Ref. [44], it is
reasonable to expect that the strongest constraints arise from
low-x data. This suggests the best sensitivities are likely to

involve the coefficients a}s)qqq, a}S)qqk, a}s)qu, and a}s)kkq. In

principle, data from the H1 and ZEUS collaborations at
HERA [51] and perhaps from a future electron-ion collider
[52] could be analyzed to obtain constraints on the various
coefficients a>#*_Given that the HERA energies lie in the
range 1-100 GeV, the estimated constraints obtained in
Ref. [44] via theoretical simulation of the HER A experiments
suggest it is feasible to achieve competitive sensitivities of
order 10~7-10* GeV~! to the coefficients > Verifying
this by direct simulation of the experimental effects predicted
by the differential cross section (61) would be worthwhile but

lies beyond our present scope.
Since the laboratory frame for the DIS process is non-
inertial, experimental results must be expressed in an inertial
|

frame. Most coefficients in the noninertial laboratory frame
differ from those in the canonical inertial Sun-centered
frame [39] by the time-dependent rotation (42), due to the
Earth’s rotation about its axis. Nonetheless, the differential
cross section contains a time-independent part. The dis-
cussion in Sec. III D 3 shows that the coefficients a(>#*/
cannot contain a Lorentz-invariant piece, but the analysis in
Sec. III D 4 implies they do incorporate the three isotropic
combinations a 3777 q®)7Tii ¢l in each of the quark
and proton sectors. These isotropic components can gen-
erate a time-independent contribution to the differential
cross section. Given that the Earth rotates about the Z axis,
we can expect this contribution to be expressed in the Sun-
centered frame in terms of the coefficient components
a2z GOTTZ  (STTT  ((S)ZIT (22T 4(5)22Z,
aOTXX L q(ITYY — ((S)ZXX 4 ((ZYY  G(SXXT | 4(S)YYT
aSXXZ | (S)YYZ,

The time-dependent part of the differential cross section
involves contractions of the coefficients a>** with three
four-momenta. It therefore contains harmonics of the
sidereal time up to third order in the Earth’s sidereal
frequency wg ~27/(23 h 56 min) [45] and can be
expanded in the form

o(Tg,x, 0%) = ogy(x, 0?)(1 + aﬁj)l””aﬁllu + a;s,)'l””ﬂf;u cos wg T + a(fs,)'l’wyﬁ;y sinwg Tq + a}s,wyéfl;y cos 2w T
+aV" €], sin2wg T + al) ™ el cos 3wg T + al ¥¢],, sin3wgTs). (62)

where aj;;y ﬁf;w, yﬁ;w 5{1;”, eﬁ;w sﬁ;b é’Zw are functions of x
and Q?, and summation over the flavors f = f and p is
assumed. The explicit forms of these functions can be
obtained from Eq. (61). Note that the appearance of third
harmonics is a qualitatively new feature relative to the
results in Ref. [44].

Finally, we remark that the coefficients a®*% govern
CPT-odd operators, so their contribution to the differential
cross section change sign if the proton is replaced with an
antiproton. This can also be verified by an explicit
calculation of the antiproton version of Eq. (57). Since
the coefficients belong to the quark and proton sectors, they
have no effects on the lepton or photon. Also, neglecting
masses implies that the projectors for electrons and
positrons are equal, > u®) (k)a®) (k)=>_,0) (k)5 (k),
so the electron tensor L, |- and positron tensor L, |,+ are
identical. As a result, replacing the electron with a positron
has no effect in our calculation. The four possibilities for
the cross section are therefore related by

do B do
dxdydd),-, ,  dxdydg tpa
do do
= = . (63
dxdydg|, ,_,  dxdyd|,.,_, (63)

|

Any differences between these cross sections could in
principle be used to isolate effects from the coefficients
a®# and hence as a direct test of CPT symmetry.

V. SUMMARY

This work investigates Lorentz- and CPT-violating
operators in gauge field theories. We construct gauge-
invariant terms of arbitrary mass dimension d in the
Lagrange density describing fermions interacting with
non-Abelian gauge fields. The construction is based on a
technical result, demonstrated in Sec. II, that any gauge-
covariant combination of covariant derivatives and gauge-
field strengths can be written in the standard form (2).

The form of a generic gauge-invariant term in the
Lagrange density is discussed in Sec. III. Explicit expres-
sions for all terms in the spinor sector with d < 6 are given
in Table I, while all terms in the pure-gauge sector with
d < 8 are displayed in Table II. We then discuss several
interesting limiting cases of the general formalism. One is
Lorentz-violating QED, for which all operators with d < 6
are collected in Table III. Another is the Lorentz-violating
theory of QCD and QED with multiple flavors of quarks,
which has terms with d < 6 compiled in Table IV. A third
limit of interest is the Lorentz-invariant case, where the
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relevant operators are presented in Table V. We also
consider the situation where Lorentz violation is isotropic
in a specified frame, restricting attention to the operators
listed in Table VI.

To illustrate the application of the results, we study two
experimental scenarios in Sec. IV. First, corrections are
calculated to the cross section for light-by-light scattering
arising from nonminimal operators appearing at tree level
in Lorentz-violating QED. The results are combined with
experimental data obtained at the LHC to place first
constraints on 126 nonlinear operators with d = 8, col-
lected in Tables VII and VIII. Second, we determine the
modifications to the cross section for DIS arising from
certain nonminimal Lorentz- and CPT-violating operators
in the theory of QCD and QED coupled to quarks. The
expression (61) for the differential cross section suggests

that an analysis of existing data has the potential to place
first constraints on the corresponding nonminimal quark-
sector coefficients.

The framework developed here encompasses a large
variety of physical effects, making them accessible to
quantitative theoretical analysis. It is evident that many
avenues for phenomenological and experimental investi-
gation of realistic gauge field theories remain open for
future investigation, with a definite potential for the
discovery of novel physical effects.
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